In the core protein-coding region of hepatitis C virus (HCV), evidence exists for both phylogenetically conserved RNA structures and a ؉1 alternative reading frame (ARF). To investigate its role in HCV infection, we introduced four stop codons into the ARF of a genotype 1a H77 molecular clone. The changes did not alter the core protein sequence, but were predicted to disrupt RNA secondary structures. An attenuated infection was established after inoculation of the mutant HCV RNA into an HCV naïve chimpanzee. The acute infection was atypical with low peak viremia, minimal alanine aminotransferase elevation, and early virus control by a diverse adaptive immune response. Sequencing circulating virus revealed progressive reversions at the third and then fourth stop codon. In cell culture, RNA replication of a genome with four stop codons was severely impaired. In contrast, the revertant genome exhibited only a 5-fold reduction in replication. Genomes harboring only the first two stop codons replicated to WT levels. Similarly, reversions at stop codons 3 and 4, which improved replication, were selected with recombinant, infectious HCV in cell culture. We conclude that ARF-encoded proteins initiating at the polyprotein AUG are not essential for HCV replication in cell culture or in vivo. Rather, our results provide evidence for a functionally important RNA element in the ARF region.
H
epatitis C virus (HCV) can establish a lifelong, persistent infection that can lead to chronic liver disease. Replication in vivo is apparently noncytolytic, and liver damage is thought to result from immune-mediated inflammatory processes as the host attempts, but fails to eliminate the virus (1, 2) .
The positive-sense RNA genome contains a long ORF encoding a polyprotein that is cleaved into structural proteins (C, E1, E2), p7, NS2, and proteins forming the replicase (NS3-5B) (3) (4) (5) . Host cell and virus proteins cooperate with highly structured RNA elements lying outside and within the coding region to conduct virus translation and replication. Translation of the polyprotein is initiated by ribosome binding to an internal ribosome entry site (IRES), which spans most of the 5Ј nontranslated region (NTR). Replication is coordinated by RNA structures in the 5Ј and 3Ј NTR and a cruciform located in the NS5B coding region (6, 7) . The virus RNA polymerase is error-prone, yielding considerable diversity (8) .
Comparison of the core gene from divergent isolates has revealed an unusually high level of nucleotide sequence conservation (9, 10) . Synonymous mutations are suppressed, suggesting a functional role for the nucleic acid sequence beyond simply encoding the core protein. For all six HCV genotypes, an overlapping reading frame in the ϩ1 frame of the core gene is present (11) . In the same region, highly conserved RNA secondary structures have been predicted by using phylogenetic analyses (10, 12) .
The ϩ1 frame of the core gene has been termed the alternative reading frame (ARF) (13) . Antibodies and cellular immune responses reacting to ARF-encoded peptides or recombinant protein have been detected in HCV-infected patients (11, (14) (15) (16) (17) . These observations provide evidence for expression of the ARF in vivo; however, an ARF-encoded product has yet to be detected in infected tissue. With cell-free translation and transient expression in cell culture, an ARF protein has, however, been reported for the prototype genotype 1a isolate, HCV-1. HCV-1 contains a stretch of 10 consecutive adenylate residues where a ϩ1 frameshift event moves translation into the ARF between codons 9 and 11 of the core gene to produce a frameshift product, termed the F protein (14, 18) . Another ARF protein has been reported for a genotype 1b sequence involving two frameshift events. This dual frameshift protein (DF protein) also begins translation from the AUG of the polyprotein and frameshifts further downstream after codon 42 into the ARF (19) . Translation continues in the ARF until a stop codon at position 144 is reached, triggering either termination or an additional frameshift restoring translation into the reading frame of the polyprotein.
In this study, we examined the importance of the ARF for HCV replication. Because this region is dispensable for replication of subgenomic HCV replicons in cell culture, we used the chimpanzee model and a functional molecular clone of the genotype 1a H77 isolate (20) . To block expression of ARF-encoded proteins, we introduced silent base substitutions in the core gene, creating four stop codons in the ARF. RNA transcripts of this mutant genome were inoculated into the liver of an HCV naïve chimpanzee. The animal became viremic, demonstrating that ARF-encoded proteins produced by the previously characterized frameshift events are not absolutely required for HCV replication. However, low levels of viremia and minimal liver damage suggested that the mutant was attenuated. Sequence analysis of circulating virus showed reversions were selected and fixed during infection. These data, together with cell culture replication studies and reversion analysis of mutant full-length genomes, indicate that the ARF harbors one or more functional RNA elements.
Results
Ablation of ARF-Encoded Gene Products by Site-Directed Mutagenesis. Despite its high degree of conservation, the region of the core gene encoding potential ARF proteins is dispensable for RNA replication in cell culture (21) . Because ARF-encoded proteins may function in other aspects of the HCV lifecycle such as virus-immune system interactions or pathogenesis, we used the chimpanzee model to examine the behavior of a mutant HCV genome with ablated expression of both the ARF-encoded F and DF proteins (22, 23) . The consensus genotype 1a H77 cDNA was chosen as parent for our studies given the wealth of information obtained from chimpanzees infected with H77 RNA transcripts or acute-phase virus (22, 23) . Five nucleotide substitutions, silent for the core-coding sequence, but creating four stop codons (Stop 1,2,3,4) in the ARF were introduced (Fig. 1) . To minimize leaky protein expression caused by read-through and reversion, two additional stop codons were introduced downstream from both reported frameshift sites. The frameshift sites are codons 9-11 for the F protein and codon 42 for the DF protein. Stop 1 permits expression of only the first 21 aa of the F protein. Stops 3 and 4 are predicted to block expression of the DF protein. Stops 1, 2, and 3 each required one base substitution, (C407A, U434A, and G473A, respectively), whereas two base changes were required to generate Stop 4 (C480A and C482G). Only Stop 4 created a potentially leaky opal stop codon (UGA), but rather than a C residue, which promotes translational read-through, this codon is followed by a G (24) .
An HCV Genome Without F and DF Protein Expression Is Infectious in
Vivo. An HCV-naïve chimpanzee was inoculated with Stop 1,2,3,4 RNA by direct intrahepatic injection. The animal became infected, with circulating HCV RNA detectable by nested RT-PCR at 1 week postinoculation. By week 2, HCV RNA levels could be quantified by real-time quantitative RT-PCR. HCV RNA levels rapidly increased and peaked at weeks 6 and 7 at 8 ϫ 10 4 genome equivalents (GE)/ml (Fig. 2) . Circulating HCV RNA then declined rapidly and fell below the limit of detection at week 10. RNA was again measurable at week 12 (380 RNA GE/ml), but was only detectable by nested RT-PCR for the subsequent weeks analyzed (through week 40). The animal became HCV-seropositive at week 11 with no significant elevation in alanine aminotransferase (except for a slight rise of 20 milliunits/liter above baseline during the peak of viremia; (20, 22, 25, 26) , Stop 1,2,3,4 infection produced lower peak viremia (by 1-2 logs) and the mutant virus was controlled earlier without apparent liver damage, suggesting that the ARF mutant may be attenuated.
Given that ARF-encoded products might function in modulating host immune responses to HCV, HCV-specific T cell responses were monitored in both the periphery and the liver. At weeks 10 and The F protein is produced by a ϩ1 ribosomal frameshift near codons 9 -11. Stops 1 and 2 indicate the positions of mutations creating stop codons in the ϩ1 frame designed to block F protein expression. Stops 3 and 4 are predicted to block DF protein expression, which shifts into the ϩ1 frame after core protein codon 42. Introduced mutations did not alter the core protein sequence. A construct that included all four stop mutations (Stop 1,2,3,4) was used for chimpanzee inoculation. (B) H77 RNA sequence and predicted structure of the core/ARF region. Downstream from the HCV IRES, the core/ARF nucleotide sequence is indicated, highlighting the two ϩ1 frameshift regions (codons 9 -11 and 42), the nucleotide substitutions used to create Stop 1,2,3,4, and the predicted RNA structures of SLV and SLVI. 12, HCV-specific responses were detected in peripheral blood mononuclear cells (PBMCs) and from intrahepatic CD8 ϩ T cells by ELISPOT (Fig. 2 ). PBMCs were stimulated from pools 3-6, representing peptides from E2 to NS4B, and HCV-specific CD8 ϩ cell responses reacted to pools 2 and 3, which include peptides from E1, E2, p7, and NS2. Because a response could not be detected at later time points with the ELISPOT assay, we used a more sensitive approach and cloned intrahepatic CD8 ϩ and CD4 ϩ T cells from liver biopsies at weeks 16 and 20. Analysis of 308 independently derived CD8
ϩ T cell clones revealed that 31% were capable of killing target cells presenting HCV proteins. We then determined the epitope of 96 CD8 ϩ and 7 CD4 ϩ intrahepatic T cell clones, which revealed previously unseen CD8 ϩ epitopes spanning proteins E1 to NS5. CD4 ϩ cells proliferated in response to epitopes in NS4B at week 16 and to epitopes in E2, NS3, NS5A by week 20 [supporting information (SI) Tables 2 and 3 ]. No T cell reactivity was detected against ARF-encoded epitopes. Thus, despite producing a low level of viremia, infection with Stop 1,2,3,4 stimulated a diverse intrahepatic T cell response, first detectable by week 10, and presumably controlling the virus by week 20.
The Selection of Revertants Suggests Pressure to Maintain ARF RNA
Elements Rather Than F/DF Protein Expression. The low peak viremia and early control of the mutant virus could be caused by the Stop 1,2,3,4 substitutions impeding HCV replication. Given the high mutation rate of HCV replication, reversion to the WT H77 sequence and/or accumulation of compensating, fitness-restoring mutations would provide clues to the importance of F/DF protein expression or functional RNA elements in the ARF. At weekly or monthly (after week 12) time points, the 5Ј-NTR-C/ARF region of circulating HCV RNA was amplified by RT-PCR. Sequences were determined for the population and multiple clones, to sample sequence heterogeneity.
At week 1, the predominant HCV sequence was identical to the inoculated Stop 1,2,3,4 RNA transcript. Because we have never detected circulating input RNA using mutant transcripts with lethal (polymerase defective, pol Ϫ ) mutations (20) , this finding suggests that the Stop 1,2,3,4 mutant was able to replicate in vivo, albeit inefficiently. At week 2, coincident with rise in circulating virus RNA to nearly 10 4 GE/ml, the parental H77 G473 was found in all HCV genomes sequenced (Fig. 3) . The reversion of Stop 3 (G473) remained fixed in the population for at least 40 weeks, the last time point analyzed. This reversion removed the Stop 3 ochre codon, but the downstream Stop 4 codon was still present to block expression of DF protein.
At week 10, we detected a second reversion at Stop 4 restoring A480 to the WT C480 H77 sequence. It was not the dominant sequence, as virus with both reversions circulated with virus containing only the first reversion at Stop 3. The A480C reversion eliminated the Stop 4 codon, thus restoring possible expression of the DF protein. The core protein sequence was unaltered: Stop 4 preserved core Arg-47 by creating an alternative arginine codon (AGG, nucleotides 480-482); the second reversion, A480C, yielded core codon CGG. Virus with one or both reversions existed as a mixed population for the next 10 weeks. At week 20, virus with both first and second reversions was fixed in the population.
A third reversion was detected at week 40 involving the second nucleotide substitution of Stop 4, with G482 being replaced by the WT H77 nucleotide, C. This third reversion was the only sequence detected, but may not necessarily represent the virus population because we succeeded in obtaining an RT-PCR product in only one of three attempts. This third reversion did not change the core protein sequence because C482 restores the WT Arg-47 codon (CGC, nucleotides 480-482). Hence, the selective forces favoring C482 are unclear. The possibility of codon preference for Arg CGC over CGG seems unlikely because they are used at approximately equal frequency in the HCV H77 ORF (38 versus 34 times, respectively). Since week 10, the presence of the first and second reversion could restore possible DF protein expression. The third reversion would not be expected to affect DF protein production, although it would alter the amino acid at position 5 of the DF protein frame from Gly (mutant) to Ala (WT). Alternatively, the reversion to C482 may restore an RNA element in the C/ARF region important for HCV replication. The results of the sequence analyses, where Stops 1 and 2 were maintained throughout infection, clearly demonstrate that F protein expression is not required for HCV H77 replication.
Effects of ARF Mutations on Replication of HCV RNAs in Cell Culture.
Although the ARF region is dispensable for replication of subgenomic replicons, mutations in this region have not been examined in the context of full-length replication-competent genome RNAs. Because our in vivo results with Stop 1,2,3,4 suggested a possible deleterious effect on HCV replication, we made a series of constructs using a cell culture adapted version of the H77 consensus cDNA (27) . The parental clone, H/LϩI, harbors two cell adaptive mutations, one in NS3 (P1496L) and another in NS5A (S2204I). Replication was assayed by electroporating highly permissive, hepatoma Huh-7.5 cells (28) with in vitro-transcribed RNA and measuring HCV RNA levels at successive time points. RNA levels for the mutant constructs were compared with the WT (H/LϩI) parent or a replication defective (pol Ϫ ) control. For the H/LϩI parent, RNA levels declined slightly as input RNA was degraded and plateaued by day 4 as new RNA was generated (Fig. 4A) . By day 3, pol Ϫ RNA remained detectable, but at levels Ͼ1,000-fold lower than the H/LϩI parent. The Stop 1,2,3,4 mutant was highly impaired with transient, low-level replication observed at day 3, which then decreased to pol Ϫ levels by day 5. To determine whether the reversions observed in vivo restored replication fitness in cell culture, genomes harboring the revertant mutations were compared (Fig. 4B) . Removal of Stop 3 in the Stop 1,2,4 mutant restored replication to nearly 18% of the H/LϩI WT parent. Eliminating both Stops 3 and 4 (Stops 1 and 2; the equivalent to the triple revertant found in vivo at week 40) restored replication to WT levels. These results suggest that the reversions observed in vivo were selected because they improved the replication ability of the virus. Furthermore, mutations in Stops 3 and 4 seemed to be largely responsible for the replication defect. Consistent with this, Stop 3,4 genomes exhibited a 44-fold reduction in HCV replication.
Phenotype and Reversion of ARF Mutations in the HCV Cell Culture
(HCVcc) System. For genotype 1a (H77), the Stop 1,2,3,4 mutations impair HCV replication in cell culture and are subject to selective pressure in vivo. To examine the phenotype of this mutant in the HCVcc system, Stop 1,2,3,4 substitutions were engineered into an H/JFH chimeric genome consisting of the H77 5ЈNTR-NS2 region with the remaining sequences (NS3-3ЈNTR) derived from JFH. Two adaptive mutations, I348V in E1 and S1103T in NS3, allow this recombinant to produce infectious virus (M.J.E. and C.M.R., unpublished work). Initially, H/JFH Stop 1,2,3,4 was impaired for replication with few cells expressing NS5A (Fig. 5) . In the first week, low levels of replication persisted and no sequence change was detected ( Table 1) . As cells were passaged, a mixture of reversions at Stop 3 and at 480 of Stop 4 was detected in the population with a concomitant increase in the number of NS5A-positive cells. Sequencing individual clones revealed a mixed population of the original input genome, and genomes with a reversion either at Stop 3 (G473A) or at A480C within Stop 4. By the third week, the original input sequence was no longer detected, and all clones contained either of the two reversions with the A480C reversion being more prevalent (Table 1) .
We also examined the phenotype of the Stop 3 and 4 mutations in a genotype 2a J6/JFH chimera capable of replication and virus production without cell adaptive mutations (29) (30) (31) . Genotype 2a differs from genotype 1a by Ϸ30% at the nucleotide level. As observed in the genotype 1a background, the J6/JFH Stop 3,4 mutant exhibited a dramatic defect in RNA replication, Ͼ5-fold decrease relative to the parent (Fig. 4C) . Thus, the ability of C/ARF nucleotide sequence to modulate HCV replication is conserved across genotypes. Furthermore, the reversion analyses suggest that common selective pressures operate during animal infection and virus replication in cell culture to restore ARF function and replicative fitness.
Discussion
We have shown that an HCV genome containing four stop codons in the ϩ1 frame overlapping the core gene is capable of establishing an infection in a chimpanzee. The infection was, however, atypical with low peak viremia, short duration of the acute phase, and no appreciable liver pathology. A multispecific adaptive immune response was elicited in both the liver and the periphery that coincided with a decline in circulating HCV RNA. During infection, a series of reversions emerged, indicating a selective pressure for RNA sequence and predicted RNA structure rather than a frameshift protein. Replication in cell culture recapitulated the in vivo results. Base substitutions creating the two downstream stop codons, the same bases to revert during the infection, were detrimental to HCV replication in Huh-7.5 cells. These substitutions disrupt base-pairing of a predicted RNA secondary structure in the core gene, implicating this RNA element in the modulation of HCV replication.
Features of this infection differed from previous young naïve chimpanzee infections launched with this consensus H77 genome. The titer reached only 8 ϫ 10 4 GE/ml, 1-2 logs lower than previous studies (25, 32) . Also, circulating HCV RNA peaked at week 6 and was detectable only by nested RT-PCR after week 12, several weeks earlier than a typical acute infection. The low level of circulating HCV RNA during acute infection may indicate that few hepatocytes became infected, low replication fitness of the mutant virus on a per-cell basis, or both. Virus levels declined without elevated liver transaminases in the serum, signifying little liver damage. Again, this result is atypical where an increase in serum alanine aminotransferase (usually to 100-200 milliunits/liter) coincides with immune-mediated hepatocellular injury and a rapid decrease in circulating HCV RNA. We did, however, find a diverse adaptive immune response in both the liver and periphery at the time of virus decline that persisted as virus disappeared from circulation. HCVspecific CD8 ϩ and CD4 ϩ T cells detectable at low frequencies were Individual clones were sequenced from HCV RNA isolated from passaged cells, and the number of clones possessing the indicated reversions are listed. capable of recognizing HCV peptides in 5 of 10 pools representing the entire H77 polyprotein. No T cells targeting epitopes from the ARF were found. Thus, HCV lacking expression of an ARF protein established an infection, albeit with low levels of circulating virus and short viremia. Infection with the mutant virus elicited a diverse adaptive immune response, although virus-specific CD4 ϩ and CD8 ϩ T cells were detected at a lower frequency. During infection, we detected a series of sequence reversions in the virus population. The predominant sequence in the first week of infection was the input mutant Stop 1,2,3,4 sequence. Because we have not detected carry over RNA from inoculation in the circulation, this finding suggests that the input mutant was able to replicate (20) . The dominant virus during the acute phase harbored a reversion that eliminated the Stop 3 codon. Stops 1, 2, and 4 remained intact, however, blocking the expression of both the F and DF proteins. A second reversion restored one of two nucleotide substitutions in Stop 4 and was selected at a time of immune stimulation. Finally, a reversion of the second substitution creating Stop 4 was selected as the dominant virus. Because the DF protein expression was possible after the second reversion, and at no time was there a change in the core amino acid sequence, these results are consistent with selection to maintain the core gene nucleotide sequence rather than DF protein expression. Taken together, these data indicate that neither the F or DF proteins are required for HCV H77 replication in vivo.
Given that ARF sequences are dispensable for replication of subgenomic HCV replicons in cell culture (21, 27) , the ARF stop mutant phenotypes in cell culture were surprising. We used a parental H77 genome, identical to the one in our in vivo study with the exception of two cell culture adaptive mutations. The Stop 1,2,3,4 mutant was severely impaired for replication in Huh-7.5 cells. In contrast, genomes with Stop 1,2,4 could replicate, but only with 18% efficiency compared with WT. Replication of the Stop 1,2 mutant was unimpaired, whereas replication of Stop 3,4 was reduced to 2% of the parental level. We also tested the effect of selected ARF mutations in the HCVcc sytem (29) (30) (31) . In the context of the genotype 2a HCVcc J6/JFH, mutations for Stops 3 and 4 were deleterious, reducing replication to 18% of the parent. In contrast, an HCVcc J6/JFH mutant harboring Stop 1 was unimpaired for RNA replication and infectious virus production (data not shown), demonstrating that F protein is dispensable for complete replication in cell culture and reinforcing the in vivo results. A chimeric H77/JFH construct was used to mimic our chimpanzee experiment in cell culture. Replication of HCVcc H77/JFH Stop 1,2,3,4 was severely impaired. Upon passaging, identical reversions arose to those seen in vivo. Replication increased when either the reversion of Stop 3 or the reversion of 480 in Stop 4 occurred. These results strongly suggest that the reversions first identified in vivo act by restoring replication fitness, not by allowing translation of the F or DF proteins, but rather by restoring a functional RNA element conserved across divergent HCV genotypes.
Two RNA helix-forming stem loop (SL) structures, SLV and SLVI, have been proposed in the region containing the ARF stop codons and confirmed by enzymatic structure probing (33) (Fig.  1 A) . The base change conferring Stop 1 is not predicted to alter a base-pair interaction; however, substitutions for Stops 2-4 could disrupt the upper stem in a large RNA helix. A phylogenetic study of covariant base pairing shows high sequence conservation for the structure SLVI for all six genotypes (SI Fig. 6 ). RNA elements in both the noncoding and coding regions regulate translation and replication, but the functions of SLV and SLVI are unknown. The downstream boundary of the IRES does extend into the core-coding region, and IRES function can be influenced by both the core protein and RNA structures immediately downstream of the AUG start codon (34, 35) . The 5Ј base of the SLVI stem in the core gene has also been shown to base-pair with a complementary region in the 5Ј NTR between SLI and the IRES, down-modulating IRES function (36) . The base substitutions we used to create stop codons in the ARF do not affect the sequence proposed to base-pair with the 5Ј NTR, but would disrupt the stem of SLVI itself. Also, a liver specific microRNA, miR122, can base-pair with the same region in the 5Ј NTR and enhance HCV replication (37) . This interplay between cellular miR122, the 5Ј NTR, and SLVI may indicate that HCV translation and replication are regulated by competing higher-order RNA structures.
Our results clearly show that the F and DF proteins are dispensable for HCV replication in vivo and in vitro. We cannot exclude that functionally important ARF products are expressed by internal initiation from regions downstream of the Stop 4 codon (ARF codon 46). In this regard, internal initiation has been proposed to occur between ARF codons 80 and 86 (38) , and the importance of such ARF-encoded products remains to be examined.
In summary, a study designed to test the importance of the ARF-encoded F and DF proteins, instead revealed a functionally important RNA element in the HCV protein-coding region. This SL structure (SLVI) resides in the ARF and core-protein coding region and may be part of an assembly of higher-order RNA structures that regulate HCV translation and replication. (27), and genomes containing the JFH replicase, J6/JFH and H77/JFH (I348V/S1103T) (M.J.E. and C.M.R., unpublished work), which permit infectious virus (HCVcc) production in cell culture were used in all experiments (29, 31, 39) . Base substitutions for stop codons in the ARF were created by site-directed mutagenesis. Mutations generating the ARF stop codons are: Stop 1, C407A; Stop 2, T434A; Stop 3, G473A; and Stop 4, C480A and C482G. Polymerase-defective genomes (20, 27) , pol Ϫ , were used as a replication-defective controls.
Materials and Methods
In Vitro RNA Transcription. For the chimpanzee study, pH/FL Stop 1,2,3,4 was linearized by digestion with BsmI, and 3Ј overhangs were converted to blunt ends with T4 DNA polymerase (40) . Parental and mutant derivates of pH/LϩI were linearlized with HpaI and pJ6/JFH and pH/JFH (I348V/S1103T) linearized with XbaI. RNA was transcribed and purified as described (6) . The yield of RNA was determined by A at 260 nm, and integrity was verified by agarose gel electrophoresis.
Chimpanzee Inoculation and Sample Collection. Chimpanzee 1602 was inoculated with 0.6 mg of transcript RNA by direct intrahepatic injection (20) . Peripheral blood was collected in acid citrate dextrose tubes for isolation of PBMCs, expansion of CD8 ϩ T cells, and plasma. Liver tissue obtained by hepatic needle biopsy was placed in RPMI medium 1640 for T cell studies or flash-frozen for later RNA analysis. Peripheral blood and liver needle biopsies were collected weekly for the first 12 weeks and monthly thereafter. Animal housing, maintenance, and care met the National Institutes of Health's requirements for the humane use of animals in scientific research.
Immune Response Analyses. HCV-specific antibodies were determined by using the HCV EIA-2 assay (Abbott, Abbott Park, IL). 
